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Abstract—We have studied the effect of oxygen
pressure (PQ) during pulsed laser deposition on the
properties of YBCO films, with particular attention
to the low power microwave surface resistance R.
Above a threshold oxygen pressure the properties
of the films are nearly independent of PQ during
deposition and are typical of high quality YBCO
films. The films made below this threshold pressure
have increased disorder which produces aeduced T,
and an expanded c-axis lattice parameter. However,
these films also have significantly reduced low
temperature R,, which is likely a direct result of the
increased scattering in these films. Preliminary
Raman measurements show no increase irthe Y-Ba
cation disorder in these low PQ films, so that a
different disorder mechanism must be present.

|. INTRODUCTION

High temperature superconductossich as YBZu0O,
(YBCO) are currently beingused in avariety of passive
microwave applications [1], [2]. Although marigctorswill

spanned over aarder of magnitude andexcept forthe films
made athe lowest PQwe observed veriittle change in any

of the film properties. At the lowest oxygen pressures used in
this study we observed a significant suppression of the critical
temperature, J of the films with acorresponding increase in
the c-axis latticgparameterconsistent with theantroduction

of some form of disorder into the films. Surprisingtlespite

this evidence for degraded material quality, the low
temperature Rof these films was more thanfactor of 2
lower than the rest of thims in the study.These results
suggest the need tmderstandhe type ofdisorder introduced

by low oxygenpressureand its role in determining the
microwave properties of this material.

Il. FILM DEPOSITIONCONDITIONS

The films for this studywere deposited byulsedlaser
deposition using aexcimer laser operating @48 nm (KrF
radiation)and a 10 Hzepetition rate. The lasespot passed
through a primary 11 mm x 6 mm apertuasd then was
focused to a spot approximately 4 mm x 2 mm at¥BEO
target, striking the target at a 45° angle. The calculebedgy

enter into the ultimate success of these applications, the I@nsity at the target, based on the energy meagusetefore

power microwave surfacesistance, Rof the films is one
critical enabling property. Mucheffort has gone into
improving the microwave properties of YBCOfilms,
although the exact materials propertiesesponsible for
microwavelossesare still not well understoodStudieshave
suggested correlations betwettie outgrowths on the film's
surfaceand the R [3], and improvements inmicrowave
properties have beeachievedwith the inclusion ofcertain
impurities [4]. However, more work isieeded tounderstand
the processing-properties relationships in these materials.
In this study wereport on theeffect of oxygen pressure,
PQO,, during pulsed laser deposition ahe properties of
YBCO films, with a particular focus on the lopower R of
the films. Films were madewith oxygen pressures that
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the focusing lens outside the depositimystem, was
1.3 J/cm. The laserspot wasscannedover the stationary
target by rastering the focusingns, inscribing asquare
12mm on aside on the target surface. The same

commercially-availabldigh density YBCO target wassed

for all the films in this study except for the filmmsade at 10
Pa (75 mTorr), whiclused a differentarget madefrom the

same batch of YBCQ@owder.The targetswvere sanded after
each deposition to remove the ablation damage.

The substrates fothis studywere 15 mm x 15 mm
squares cut from commercially-available0.5 mm thick
LaAlO,; wafers. The substrates were mounted on a resistively-
heated blockusing silver paintair-dried at100 °C, andthen
positioned in the deposition system 65 naway from the
target. The deposition system wasmped to a basgressure
Mear 1 x 10 Pa (1x106 Torr), andthe substrate blockeated
to a temperature of70 °C+ 1 °C, asmeasured by a
thermocouple mounted inside the block 2 niehind the



substrate. Based on temperature measurementssing a cooled to room temperature. Thimlependent othe oxygen
thermocouple attached tosabstrate on thbeaterblock, we pressure during deposition, all the samplzivedthe same
estimate that the substratemperaturewas approximately post-deposition oxygen anneal. We hdagh increased and
40 °C cooler than themeasuredblock temperature, as has decreasethe cooldown rate by over aorder of magnitude,
been reported by others [5]. and have not observedany changes inthe films properties
After reaching temperaturexygen wasflowed into the studied here, suggesting that over this range the filchieve
system at aate of 50sccm,andthe pressure wasontrolled an equilibrium oxygen content that is not easily modified. We
by a throttle valve to thelesiredvalue for the deposition. have also done ex-situ oxygen anneals in an attempt to
Films for this studywere madewith oxygenpressures from increasethe oxygen content of the filmsespecially the
6.7 Pa (50 mTorr) to 106 Pa (800 mTorr). Over tlaisge of lowest PQ films, again with nhomeasurable change ifilm
pressures the laser ablatiptume changes from vergiffuse  properties.
and much larger than the substrate size at the Iqwessures
to very tightly “focused” andbarely reachinghe substrate at l1l. M ATERIALS CHARACTERIZATION
the highest pressures. The target \@hlmtedfor 1 minute
before opening the shutteand beginning the deposition. All the films in this studywere examined in &canning
Deposition rates were determined by profilometry electron microscope (SEM) to compare the surface
measurements on test samples underidentical conditions. morphology and the size and density of surface outgrowths, or
It was discoveredthat the depositionrate above 27 Pa “boulders”. The filmsdepositedvith oxygenpressuresbove
(200 mTorr) was a strong function of the oxygamssure 6.7 Pa (50 mTorr) were all vesimilar in appearance. These
during deposition, as shown in Fig. 1. Thigquired a films show anisland growth mechanism for the YBCO [6]
different deposition time foreachoxygen pressure tdeposit that has previouslybeen identified asconsistent with a
films with approximately the same thickness, 300 nm. ThuStranski-Krastanov growttmode [7]. The films all had
for this study it is not possible to completedgparate the similar island density agidged from SEM, asexpected for
role of oxygen pressurand chemistry from the role of films grown at the samdemperatureand to the same
deposition rate, although the madtamatic changes ifilm  thickness. The exception tthis was the films grown at
properties occur athe lowest oxygen pressureshere the 6.7 Pa (50 mTorr)Theselow PG, films had asignificantly
deposition rate is essentially constant. higher island densityand the boundary between islands
After deposition, the chamber was filledth oxygen at a appeared more distinct than in the higher, Rids.
rate of 5.3 kPa/min (40 Torr/min). At the same time, the The films alsohadsubmicron outgrowths on thaurface.
sample temperaturewas decreased at 20C/min to a Most of the outgrowths were rectangular, witkeagth-width
temperature ofi70 °C. The oxygen flow wastoppedwhen ratio of aboutthree toone, and often grew aligned to the
the chamber pressureecached 80kPa (600 Torr),which major substrate axes. The variation in outgrovansity
occurred aapproximately the same time as theater block between different areas tiie same film wagreaterthan the
temperature reaching 470 °C. The sample g at470 °C  difference between films, making a careful analysis of
for 5 min, andthen theheater switched ofindthe sample outgrowth density versus oxygemessureimpossible. For
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Fig. 1. The deposition rate as a function of oxygen partial pressure. Error
bars were determined at two different pressures (27 Pa and 53 Pa) using Fig. 2. c-axis lattice parameter as a function of oxygen partial pressure.
rates from at least 6 different depositions.



this study the outgrowthdensity was typically0.3+ 0.1

measurement suggested a relativdbw level of Y-Ba

outgrowths pepm?. In more recent work on films made fromdisorder, 2-3%, in the two filmeeasuredanddid not reveal

different YBCO targets,
significantly lower, and there was aclear trend to lower
outgrowth densitywith reduced P@during deposition. This
raises thepossibility that thetargetusedfor this study was
slightly off stoichiometry, resulting in aimcrease insecond
phase precipitates at the surface.

The films were analyzed in ahigh-resolution x-ray
diffractometer to determinerientationand lattice parameter
[8], [9]. All the films appear to bepitaxial, with thec-axis
perpendicular tahe substratend no evidencéor a-axis or
other misoriented grains. The crystalline quality of filas
is excellent, agudged byvery narrowrocking curve widths
(full width at half maximum) for the (006) line of 0.13
0.03°, although some filmdid exhibit multiple (00 )-peaks,
indicative of inhomogeneities.There was no systematic
dependence ofhe rockingcurve width on PQ The c-axis
lattice parameter was found to be a function of the (@ing

the outgrowth density wassignificant differences between the films. This provides strong

evidencethat in thiscasethe structuraldisorderhas another
origin. Work is continuing withx-ray diffractionand Raman
spectroscopy to attempt tidentify the type (or types) of
disorder present in these films.

IV. ELECTRICAL CHARACTERIZATION

The roomtemperature dgesistivity of the films was
measuredusing the vander Pauw technique [14],and is
plotted in Fig. 3 as a function of B@uring deposition. The
low resistivity of the low P@Qsample is somewhat surprising
consideringthe evidencefrom x-ray for increased disorder in
these films. The temperature dependence ofdhistance was
also measured on aet of control samplesnade under
identical conditions. For all samples, tresistancedecreased
linearly from roomtemperature tojust above T, with a

deposition, as shown in Fig. 2. There is a monotonic increagsistance ratio fron800 K to 100 K of 2.9+ 0.1,

in the c-axis latticeparameterwith decreasing PO during
deposition, with a significant jump in the lattiparameter
for the film made atthe lowest pressure. Thiacrease in
lattice parameter atower PQ could bedue to avariety of

independent of PQduring deposition.

The superconducting transition temperatugeandcritical
current Jwere both measured on the films using a single coil
inductive techniqueoperating at a fundamentaequency of

factors, such as sub-stoichiometric oxygen content or lattice

disorder.

One possible origin for theexpanded c-axis lattice
parameter could becation disorder, specifically Y-Ba
exchange, which has beeassociatedwith low oxygen
pressure during deposition ielectron-beanmevaporated [10]
and sputterefll1] YBCO films. To explorethis, films made
at 6.7 Pa (50nTorr) and 53 Pg400 mTorr)were examined
using a Raman microprobe. Thechnique [12], [13] can
distinguishY-Ba exchange bythe intensity of the 585 cm
peak normalized tothe 340 crt peak. However,this
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Fig. 3. Room temperature dc resistivity as a function of oxygen partial
pressure.
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Fig. 4. Inductively measured (a) T, and (b) J. in zero field and at 76 K as a
function of oxygen partial pressure. For similar samples the inductive J
was typically 25% larger than the corresponding transport J, measured on
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1 kHz [15]. The T. was taken as the onset dfange in the

[16]. Each film is assumed to havahe same surface

inductive reactance, and usually corresponds within 1 K to thesistance, so that the values qfrBported here represent the

zero-resistance point of a transport measurementciitial
current wagneasured in zero appliedagneticfield with the
sampleimmersed in liquidnitrogen (76 K at thisaltitude),

average for the two films.
Except for the films made at the lowest Pthe R of the
films was relatively insensitive to the oxygpressureduring

and J was determined using the onset of third harmonics wittheposition, as seen with the Idvequencymeasurements (T

increasingdrive current inthe coil. As shown in Fig. 4,
except forthe films made athe lowest PQ the T. and J
were both approximatelyindependent ofoxygen pressure
during deposition. The lowest PQilms had asignificantly
suppressed [T The ] is alsosuppressedalthough since the
measurement wasnly done at76 K it is impossible to
determine if the suppression is intrinsic to the filmdae to
the higher relative measuremenmperaturg(T/T,) for this
sample. These resultssuggest thatthere is aminimum
oxygen pressure duringrowth in our PLD system that is
required toform high quality YBCO, and that oxygen in
excess ofthis amountdoesnot dramatically affectthe low
frequency properties of the films.

V. MICROWAVE CHARACTERIZATION

We measuredhe surface resistance ,Rs a function of
temperature oéll films using asapphiredielectric resonator

operating atl7.5 GHz [16].The cavity is mounted on a

and J),. Figure 5 shows the low temperaturgalk a function
of PQ.. The average value for,or the higher POfilms was
036 M +0.05mM at 30K and 17.5GHz (or
0.12 N + 0.02 N when scaled by?*fto 10 GHz).These
are typical values for Ror YBCO thin films. The surprising
result is that the lowest BGilms, which had significantly
surppressed J hadlower microwave surface resistance by
more than a factor of 2, with a scaledaR10 GHz an@80 K
of 45uQ. Figure 6 compares Rs a function ofemperature
for the 6.7 Pa (50 mTorr) and 53 Pa (400 mTorr) films.
(The 53 Pa result wasrepresentive ofall the higher PQ
films.) Thecurves havesignificantly different shapes, with
the higher PQfilms showing a plateau region nezd® K and
only agradualdecrease in Rat low temperatures, while the
low PO, film has no plateau regioand continues todecrease
rapidly down to the lowest temperatures.

VI. DISCUSSION

closed-cycle cryocooler in vacuum, with temperature measured The resultspresented here clearly indicatkat for our

at severapoints usingstandard Si diod¢hermometers. The
temperature of the films is estimated to be known withifh

pulsed laser depositiosystemthere is aminimum oxygen
pressure during deposition which nsguired toform YBCO

K. The position of the loops used to couple microwave powéifms with transition temperatures abov®0 K. For our

into the cavity are adjusted aftethe cavity is at low
temperature (anthus at high Q) to minimizéading of the
cavity. The measurement uses a pairfiths made under
identical depositionconditions, and extracts R from the
temperature-dependeqtiality factor ofthe cavity, correcting
for suchfactors adosses in thecopperwalls of the cavity
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Fig. 5. Low power microwave surface resistance measured at 17.5 GHz
and 30 K as a function of oxygen partial pressure.
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system this pressure was typically around 13 Pa (100 mTorr)
independent otargetand relatively insensitive to substrate
temperature. For pressures above this value, up to the highest
pressures examinethe properties of théilms were nearly
independent ofthe deposition pressure. In particular, the
morphology, T, J, and R of the filmswereall very similar
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Fig. 6. Comparison of the temperature dependence of R, for films made at
53 Pa (400 mTorr) and 6.7 Pa (50 mTorr).



and typical of well-ordered YBCO films. The shape of
temperaturedependence of Rfor thesefilms all show the
plateau region around 50 K.

For the films made at the lowest oxygeressuraised in
this study, there was a significacttange inthe film quality.
The decrease in JTandthe correspondingump in the c-axis
lattice parameter areconsistent with the introduction of
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disorderinto these films. Thiglisorder is alikely cause for
the improved low temperature Rof the films, since an o
increase inthe quasiparticle scattering rate caasult in a
decrease irthe R [4]. Thetemperaturedependence of Rfor  [2]
these films is consistent with this interpretation, since the
increasedscattering rate wouldhift or eliminate theplateau [3l
region typical of better-ordered YBCO films. These films also
had lower room temperature dc resistivity, suggesting that the
disorder inthe films has alsaesulted in ahigher doping 4
level. Disorder driven bylow oxygen pressurehas been
observed before infilms fabricated by post-deposition
annealing [17] anéh-situ electron-beam evaporation [10] and[5]
sputtering [11]. In the sputtering study it was shown that the

disorder was Y-Ba cation exchange coupledvith apical [6]
oxygen vacancies. Aimilar conclusion waseached in the
electron-beandeposition study. These studiedso showed 7
that Y-Ba disordercan increasehe doping density of the
films. However, for thePLD films madehere, the Raman
data showed a relatively low level ¥fBa cationdisorder and [gj
no significant difference between the low and high, Fi{ins.
Therefore, it islikely that the specific disorder present in
these films is different. Work is continuing to try itentify (]
the specificdisorder introducednto these films by the low
oxygen pressure duringeposition. Preliminary results with
ex-situ oxygen annealing suggests that tlisorder isnot a
simple oxygen stoichiometry problem. [10]
VIlI. SUMMARY [11]
We havestudied the effect of oxygen pressureduring 2]

pulsed laser deposition aime properties of YBCCilms,
with particular attention to the low power.RNVe havefound
that above a threshold oxygen pressure, the properties of fig;
films are independent of B@uring deposition andre typical

of high quality YBCO films. For films made with R@elow  **!
this threshold pressurelisorder is introducethto the films, 5]
which produces aeduced T and an expanded-axis lattice
parameter. However, the$iéms have significantly reduced

low temperature R which is likely adirect result of the [16)
increasedscattering in thesdilms. The specific disorder
present in thefiims is being investigated, although
preliminary Raman measurements suggest YaBa cation [17]

disorder is not present. Asctearerpicture of the interaction
betweendisorder and Ris acquired, itmay be possible to
tailor the disorder inthe films so as taeduce R without
suppressing I
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